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O Abstract 
m 

Forces on a nanoparticle in an optical trap are analysed. Brownian motion is found to be one of 
Q the major challenges to trap a nanoparticle. Accordingly, suitable spatial electric held distribution 

of laser beam is suggested to enhance the trapping force on a nanoparticle. Theoretical analysis is 

q 

^ carried out to obtain conditions for stable optical trap by incorporating the temperature variation 

O 

'55 at large laser intensities. Numerical analysis is made for single quantum dot of CdS in buffer 

jS^ solution irradiated by an Nd:YAG laser. 

Oh 
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I. INTRODUCTION 



Single laser beam optical tweezers are widely employed for trapping and manipulation 
of micrometer sized particles. It finds variety of novel applications including biomedical 
measurements^, quantum computation^, single molecule nonlinear optical measurements^, 
etc. Of late, availability of sophisticated instruments made it possible to realise optical 
manipulation of particles with force and position resolutions of 0.1 pN and 0.1 nm^. With 
appropriate design and usage of modern electro-optic devices such as spatial light modulator 
(SLM), piezo stages and high resolution charge coupled devices (CCD), manipulation of 
optical beam with custom designed spatial profile is possible^"^. 

Crier and his group^ have used computer-generated holograms with SLM to create arbi- 
trary three-dimensional configurations of single-beam optical traps that are useful for cap- 
turing, moving, and transforming mesoscopic objects in 3-dimensional holographic optical 
tweezers (3D-H0T). Through a combination of beam-splitting, mode-forming and adaptive 
wavefront correction, HOT can exert precisely specified and characterized forces and torques 
on objects ranging in size from a few nanometers to hundreds of micrometers. Dufresne et al^ 
created arbitrary configuration of optical tweezers using computer generated diffractive op- 
tical elements with appropriate design to eliminate stray lights. Recently, interest has been 
shown to construct optical traps with custom designed laser profilcs^"^^. Optical tweezers 
with a haptic device and XYZ piezo scanner to manipulate the position of microspheres are 
also used^. Zhao et al^ used highly focussed hollow Caussian beams to trap and manipulate 
Rayleigh particles. Hoogenboom et aP have developed a method to create a pattern of wide 
variety of colloidal particles of size as small as 79nm with a resolution below the particle size 
using optical tweezers. Today, one of the major interests in the field of optical trapping has 
been to manipulate smaller nanoscale objects. For metallic substances, the trapping of a 
single 36-nm diameter gold particle has been achieved^*^ and a 40-nm diameter gold particle 
was employed as a probe of scanning near-field optical microscope (SNOM)^^. There are 
many reports which make use of arbitrary custom designed laser profiles such as non-circular 
Caussian LC02 mode^^, torroidal shape trap^^ rotating interference pattern^^ estabhshing 
the usefulness of the arrangement to trap transparent dielectric nano-particles successfully. 

The major challenges encountered in trapping nano-particle include (i) Brownian motion 
arising due to thermal force and (ii) cluster formation. In dual beam optical tweezers two 
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types of temperature control methods were proposed by Mao et aP^. They could overcome 
the problem of heat convection at high intensities of laser using a circulation method. On the 
other hand cluster formation occurs when many particles are trapped simultaneously giving 
rise to larger finding binding forces^^. In our opinion, a detailed theoretical understanding 
on nano-particle trapping with optical tweezers is still in its infancy and warrants attention. 
Present paper, makes an attempt to understand the problems associated with trapping a 
nano-particle and suggests a suitable spatial profile of laser to enhance the trapping force. 
We have examines trapping conditions for various spatial profiles of lasers viz., Hermite 
Gaussian (HG), Laguerre Gaussian (LG) and Custom designed spatial profiles, giving due 
considerations to gradient, scattering and thermal forces. A comparison of the results has 
been made which suggests the suitability of custom designed modes over the HG and LG 
modes. 



II. THEORY 



Optical tweezers take advantage of radiation pressure exerted on a micro-nano particle 
to trap it in an electromagnetic potential well. Radiation pressure is generated by tightly 
focussing laser beam with a large numerical aperture (NA > 1.0) condensing lens or by 
using a combination of aspheric lenses. The radiation pressure near the focus arises due 
to (i) scattering force which is proportional to the intensity of light and is on the same 
direction as that of the incident light and (ii) gradient force which is proportional to the 
spatial gradient of light intensity. For axial stability of a single beam trap, the ratio of 
backward gradient force to forward scattering force should be greater than unity. As an 
additional trapping condition for Rayleigh particle, we also need to take into account the 
thermal forces. Apart from this precaution must be taken to avoid cluster formation under 
suitable illumination conditions. 

In the Rayleigh regime, when the particle size (a) is very small in comparison to the wave- 
length (a ^ A), the scattering force is given by^^ However when particle density is larger (or 
when mean free path is smaller) optical binding force also becomes dominant. The reported 
size of particle trapped using conventional optical tweezers is 50nm to lOO/xm. The lower 
limitation of size are attributed to the diffraction-limited trap volume, smaller scattering 
and absorption cross sections and significant Brownian motion due to large thermal energy 
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acquired by the particle. In order to trap particle size much lower than the wavelength of 
the trap beam, the challenges to be met are (i) diffraction limited optics, (ii) elimination of 
optical binding forces and (iii) overcoming the forces arising due to Brownian motion of the 
nanoparticles. Accordingly, significant changes should be made to the conventional optical 
tweezers design such as holographic optical tweezers^, haptic beam control^, electromagnic 
coupled plasmonic optical trap^^ or near resonant excitation^^. 

Under Rayleigh scattering regime (a <^ A), when the particle to be trapped is much 
smaller than the wavelength of the light used to generate radiation pressure, the various 
forces are calculated by assuming as point dipole scatterers and the focus as a diffraction- 
limited region. With this approximation the scattering and gradient forces are separated 
comfortably and can be analyzed independently. The scattering force for a point dipole of 
size a is found to be 

Fs = ^I, (1) 

c 

where, 11^ is refractive index of the medium surrounding the nanoparticle, / is the intensity 
of light used to trap the particle and a is the scattering cross section defined as 

Here, n,. is the relative refractive index defines /nm, with Up being the refractive 

index of the particle. The gradient force is given by^® 

F, - "^V/ (3) 
with the polarizability (p) of the particle being 



Prom eqs. (1) and (3), it is evident that the scattering and gradient forces are proportional 
to aP and a^, respectively. In other words, the magnitudes of both the scattering cross 
section and polarizability become too small to hold the particles inside the trap. Apart from 
this, to trap a particle of dimension smaller than the wavelength of light, one needs to take 
extra care of forces arising due to binding of particles and thermal effects. The binding force 
dominates when the particle mean free path is smaller. However, when the particle density 
is smaller, the mean free path becomes larger and hence the binding force may be ignored. 
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With recent advances in piezo-stages, one can maintain a relatively stable equilibrium. For 
Rayleigh particles (of nanometer in size), thermal energy available at room temperature is 
adequate to dominate the scattering and gradient forces and it becomes impossible to trap 
the particle. In his celebrated paper, Ashkin^*^ suggested that as an additional condition 
for trapping the Boltzmann factor "exp(— tZ/ZcsT) ^ 1", with U [= nhpE'^/2] being the 
potential of the gradient force. Taking into account the thermal conductivity, spot size and 
the optical absorption coefficient the corresponding thermal force is found to be^^ 



''Th 



^2kBT^o. (5) 



where 70 (= Gnpua) is the Stoke's friction constant with p and u as the mass density and 
kinematic viscosity of the medium, respectively. For a nanoparticle, force arising due to the 
thermal energy will diffuse the Rayleigh particle. Accordingly, we consider that this force 
is acting isotropically in all the directions. Since a cw laser is used for trapping particles a 
equilibrium in temperature is expected to occur. The temperature of the medium / particle 
is T = To + T', with Tq is the ambient temperature while the increase in temperature due 
to trap beam can be calculated from^° 

27rwoK, 

Here, Pin — Po{l — R) with Pq as the cw laser power, R being the reflectivity of the 
medium while a and k are the optical absorption coefficient and thermal conductivity of 
medium, respectively, wq and d are spot radius at beam waist and thickness of the medium, 
respectively. 

For a given cw laser of power lOOmW and a diffraction limited spot size of 50/im the force 
arising due to thermal energy is independent of particle size and is calculated to be 0.4 pN 
at room temperature. This magnitude of force is negligible as compared to the gradient 
and scattering forces acting on a microparticle. On the other-hand, for a nanoparticle 
this is signiflcant enough to dominate the scattering and gradient forces. We introduce a 
dimensionless force parameter Fjy to calculate the effective force on a particle by defining 



(7) 



Estimation of Fd immediately gives the condition for the particle to be trapped as Fd > 1^^- 
From the above equation, it is clear that when the thermal force dominates, the total force 



and 



will be less than 1, leading to an unstable trap. In order to overcome this problem of 
trapping nanoparticles at room temperature, we compare the radiative forces arising from 
some well known spatial profiles of laser beam with suggested custom designed laser beam 
profile which is possible using suitable SLM and software code. Accordingly, the radiation 
pressure on a nanometer sized spherical particle is calculated by assuming three spatial 
profiles for the electromagnetic field, viz., (i) Hermite Gaussian (HG) (ii) Laguerre Gaussian 
(LG) and (ii) a Custom designed Gaussian profile (CG). We use standard equations under 
cyhndrical coordinate system to define the radiation profiles as^^'^^ 

UL{r,0,z) = ^p(^)'Lj,[p(z)2]cos(Z^)e-^(^)'e-^*^"-^'^-^'^ (8) 

uMr, 0, .) = ^N, ( H, ( ,->i'U-'''->^r"', (9) 

w[z) \ w[z) J \ W[Z) J 



uc{r,e,z) = 1 - cos 



E(- fl-p90 ',2 



p 

Here, p{z) = \/2r/w{z), R{z) = z + izr is the radius of curvature with zr (= ttwI/X) being 
the depth of focus and spot size w{z) — wq^I + z/ zr. p, I (= 0, 1, 2 ...) are integers 
defining laser modes. -f/p(/) is Hermite Gaussian function of order p (l). is the generalised 
Laguerre Gaussian of order I and index p. The intensity of the laser beam may be calculated 
from 

I,{r,e,z)=Io\u,{r,e,z)\\ (11) 

with i — L, H, C, representing LG, HG or CG laser profiles, respectively. For p = Z = 0, 
all profiles defined above reduce to TEMqo mode structure as depicted in Figure 1. The 
figure also shows other profiles obtained for p = Z = 3, 6 and 9. One can notice from the 
figure that for higher order modes the beam profile becomes sharper while the individual 
linewidths of each mode is not a constant. In other words, for higher order modes one can 
expect sharp rise to the magnitudes of gradient and scattering forces when the number of 
modes increase. We make use of this feature as a key point to explore the possibility of 
trapping nanoparticles in a single beam optical trap. 
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III. RESULTS AND DISCUSSIONS 



In order to understand the present set of equations for trapping a nanoparticle, we have 
calculated the net force acting on a semiconductor single quantum dot (SQD) of CdS sus- 
pended in a colloid matrix. The material parameters are: a — 5nm, Up — 1.65, rim — 1-33. 
K. = 97 m/K, a = 15 X 10~^cm~^. The laser assumed to be Nd:YAG or a diode pumped 
solid state laser operating at 1.064 ^m and having an optical power of lOOmW. 

Equations (7) - (11) are utilised in Fig. 2, to demonstrate the ratio of forces (Fo) acting 
on a transparent nanoparticle with a TEMqo mode of laser beam corresponding to p — I — 
0. On similar conditions of material parameters the total force acting on the particle for 
p — I — 3, 6 and 9 are exhibited in Figures 3, 4 and 5, respectively. The magnitude of forces 
in these curves may be attributed to the nature of laser beam profile as given in Figure 1. 
In these figures, we find that with increasing mode index from p = l = to p = l = 9, the 
ratio Fd can be made to exceed the threshold condition required (i.e. > 1) to trap a 
nanoparticle in all three profiles. The nanoparticle will be trapped within the boundary of 
the lobes obtained for various modes. 

In order to obtain the area within which the particle can be trapped,we have plotted 
Fd as a function of radial distance from beam axis. From Figure 6, we could find that 
the nanoparticle can be trapped within circle of radius approximately 13.4 fira, 5.1 /xm 
and 1.1 fim, respectively for HG, LG and CG beam profiles. The custom designed profile 
therefore offers better trapping possibility for a nanoparticle. If particle density within the 
colloid matrix is such that only few nanoparticles are available within that trap region, 
then a probability for achieving single nanoparticle trap becomes possible using a custom 
designed laser profile. If need arises, one can construct a custom designed laser profile with 
appropriate numbers of modes of minimum possible width to trap a particle. This could 
be done with suitable program code and addressing it to a high resolution spatial light 
modulator based on LCD or LCoS device^^. 

IV. CONCLUSIONS 

To conclude, we proposed a method to trap submicron to nanometer sized particles in 
a single beam optical tweezers. The domination of external forces including thermal force 
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which could weaken the chance of trapping nanoparticles are addressed properly. The pro- 
posed method suggests the usage of a properly addressed spatial light modulator combined 
with a nano-positioning piezo device to trap a nanoparticle inside an optical trap. The the- 
oretical estimations for a single semiconductor quantum dots in a buffer solution confirms 
the possibility of trapping a nanoparticle in a single laser optical trap. 
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r= - lOOi^rn, e = - 360 deg 



FIG. 1: Spatial intensity profiles of various beam geometries obtainable from equation (II). 
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FIG. 2: Dimensionless force parameter Fd, plotted in cylindrical coordinate system for La- 
guerre (L), Hermite (H) and Custom designed (CC) laser profiles as defined in Fig. 1 for p = I = 0. 



p=l = 3 




FIG. 3: Same as Fig. 2, but for p = I = 2>. 



p=l = 6 




FIG. 4: Same as Fig. 2, but for p = I = 6. 
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p = l = 9 




FIG. 5: Same as Fig. 2, but for p = I = 9. 
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FIG. 6: Dimensionless force parameter Fd plotted in cylindrical coordinate system for Laguerre 
(LG), Hermite (HG) and Custom designed laser profiles (CG) as defined in Fig. 1 for p = / = 0, 3, 6 
and 9. 
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